nique, superconductivity can be routinely induced in 2D transition metal dichalcogenides (TMDs) such as MoS 2 , [12] [13] [14] MoSe 2 , [15] MoTe 2 , [15] and WS 2 . [16] Superconductivity at the TMD/liquid interface behaves as a 2D system with inversion symmetry broken by the electric field, [17] which induces an effective Zeeman field that strongly protects the superconductivity against large inplane magnetic field. [17] [18] [19] Besides TMDs, ionic gating has also been proved to be effective in manipulating high temperature superconductivity in copper oxides. Complete on/off switching of superconductivity was realized in La 2-x Sr x CuO 4 [20] and YBa 2 Cu 3 O 7-x , [21] etc. In spite of the high capability in tuning carrier density, ionic gating functions only when the ions are mobile above the glass transition temperature of the ionic media. Devices have to be warmed up to high temperature (usually close to the room temperature or slightly lower) in order to change the doping profile. Therefore, the lack of continuous tunability below the superconducting transitions of ion-gated SuFET sets the major barrier to any real applications. Realizing continuous tuning of SuFET requires not only new ways of incorporating the existing superconducting systems but also alternative device concepts.
In this work, we show that a SuFET can be realized in MoS 2 by combining the advantages of ionic-liquid and solid-state gating. Ionic liquid as top gate induces superconductivity at the surface of MoS 2 . By carefully tuning the liquid gate voltage and positioning the superconducting state close to the quantum critical Engineering the properties of quantum electron systems, e.g., tuning the superconducting phase using low driving bias within an easily accessible temperature range, is of great interest for exploring exotic physical phenomena as well as achieving real applications. Here, the realization of continuous field-effect switching between superconducting and non-superconducting states in a few-layer MoS 2 transistor is reported. Ionic-liquid gating induces the superconducting state close to the quantum critical point on the top surface of the MoS 2 , and continuous switching between the super/non-superconducting states is achieved by HfO 2 back gating. The superconducting transistor works effectively in the helium-4 temperature range and requires a gate bias as low as ≈10 V. The dual-gate device structure and strategy presented here can be easily generalized to other systems, opening new opportunities for designing high-performance 2D superconducting transistors.
Superconducting Transistors
Switching between superconducting and non-superconducting states has been widely studied in low-dimensional superconducting systems by adjusting static parameters such as film thickness, [1] disorder [2] as well as chemical doping. [3] Alternative tunable parameter, best exemplified by field effect gating, is increasingly used as a continuous switching knob to control superconductivity in systems with given chemical stoichiometry and disorder morphology. A superconducting field effect transistor (SuFET), which has virtually loss-free transistor channels, has been a long-pursued goal for device applications. [4] Limited by the fact that switching superconductivity on and off usually point (QCP, the onset of superconductivity), a high efficiency back gate (based on high-κ dielectric HfO 2 ) can continuously change the state across the phase boundaries at low temperatures. At small back gate voltages, the change of transition temperature (T c ) agrees well with the phase diagram, [12] whereas a significant deviation is observed at relatively large back gate voltages. This behavior can be understood using a two-channel model, in which the superconductivity exists exclusively in the topmost layer and back gate can induce a metallic state in the bottom layers. The topmost superconducting layer and bottom metallic layers form two parallel conducting channels, and the interaction between them leads to the proximity effect that suppresses the superconductivity. Compared to previous systems, owing to the pure solid gating and precise positioning of the superconducting ground state, our MoS 2 -SuFET can achieve continuous switching similar to a typical solid-state transistor, requires only a small gate voltage of ≈10 V and works in the helium-4 temperature range with T c ≈ 7 K, therefore it serves as an ideal platform for studying superconductivity in 2D systems. Figure 1a shows the device configuration of a MoS 2 -SuFET. The data in the main text of this study are from the same device fabricated on a HfO 2 (50 nm)/Si (n ++ ) substrate. The MoS 2 flake is 2.5 nm thick, composed of four monolayers (see Figure S1 , Supporting Information). Back gate dielectrics HfO 2 (50 nm thick, dielectric constant ≈20) was deposited by atomic layer deposition (ALD) on a highly doped silicon substrate. For ionic-liquid gating, we used the well-known ionic liquid: On the other hand, back gate bias (V BG ) can be applied up to ±20 V with leak current less than 1 nA, reaching a continuous carrier density tuning of ±4 × 10 13 cm −2 . As can be seen from the transfer curve by back gate in Figure 1b (blue curve), a negative or small positive V BG (<10 V) is not able to switch on the MoS 2 channel. At relatively large V BG (>10 V), carriers start to accumulate in the MoS 2 channel hence conductivity increases.
By carefully adjusting V LG , we prepared a superconducting state close to the QCP. At this state, the carrier density is ≈6 × 10 13 cm −2 according to the well-established phase diagram. [12] At low temperatures, the superconductivity can be effectively tuned by V BG , as can be seen in Figure 2 . Figure 2a shows the temperature dependence of the sheet resistance R s measured at different V BG between −20 and 20 V. At largest negative V BG thus lowest n 2D , dR s /dT < 0 indicates an insulating behavior. [22] Increasing V BG gradually switches on the superconductivity and the transition temperature T c increases with increasing V BG .
Here T c is defined as 50% of the normal state resistance R N (R s at T = 13 K). The evolution of superconductivity is plotted in a quasicontinuous 2D map as a function of temperature and V BG in Figure 2b , where the super/non-superconducting phase boundary, i.e., the borderline between orange/green areas, can be freely accessed by varying V BG . It should be noted that for negative V BG , the n 2D spans approximately from 2 to 6 × 10 13 cm −2 , where a metallic state should be observed according to the phase diagram. [12, 23] The observed insulating behavior can be attributed to the reduced localization length due to ionic doping inhomogeneity or disorders, which leads to a crossover from weak to strong localization. Similar insulating behavior was also observed in SrTiO 3 electrical double layer transistor (EDLT) device due to Kondo effect, [24] but it is unlikely to happen in our system in absence of any localized magnetic ions. The 2D superconducting transition can be well described by the Berezinskii-Kosterlitz-Thouless (BKT) behavior, [6, 25] in which the temperature dependence of R s has the following form above the critical temperature
where b is a constant related to the vortex-antivortex interaction strength. In Figure 2c , we plot (dlnR/dT) −2/3 as a function of T for back gate V BG = 20 V. Consistency with the BKT scenario can be established by the linear behavior close to T BKT determined by the condition (dlnR/dT) −2/3 = 0. The extracted T BKT for other V BG is shown in Figure 2d (dark blue dots). Accessing the QCP is well controlled by V BG , and T BKT = 0 is found at a critical back gate of V GC = − 1 V. The related variation of carrier concentration Δn 2D = n − n c serves as a direct control parameter for superconductor-insulator transition, where n c denotes the critical carrier density at QCP. Following the scaling theory of superconductor-insulator transition, [26] T BKT is expected to scale near the QCP as
, where zν is the scaling factor, and δn 2D the variation of n 2D which is proportional to δV = V − V GC . In Figure 2d , we can see that T BKT can be well described by T BKT ∝ (δV) zν , with zν = 2/3, which is consistent with the 2D-XY model at nonzero temperatures. [27] Similar values were also obtained for superconductivity in amorphous bismuth film [22] and at the LaAlO 3 /SrTiO 3 interface. [6] Adv. Mater. 2018, 30, 1800399 At V BG > 10 V, the variation of T BKT deviates from the scaling theory. This behavior is accompanied by the saturation of normal state resistance (measured at 13 K), as can be seen in Figure 2d (red triangles): R s decreases rapidly at V BG < 10 V, whereas a clear saturation of R s is observed at V BG > 10 V. Motivated by this unusual behavior, we map our data to the established phase diagram [12] in Figure 2e . The carrier density n 2D is determined by n 2D =n c + C g (V BG − V GC ). Here n c = 6 × 10 13 cm −2 is the carrier density at QCP, [12] C g = 350 nF cm −2 the capacitance of HfO 2 per unit area, and V GC = − 1 V the critical back gate voltage. As can be seen in Figure 2e , at small V BG the change of T c (T c as a function of n 2D ) is well mapped to the phase diagram, whereas a growing deviation is observed at higher V BG .
It is well known that the distribution of carriers induced by ionic gating decays exponentially from the top to bottom due to the strong Thomas-Fermi screening effect. [17, [28] [29] [30] Nearly 90% of the carriers induced by ionic gating are confined to the topmost layer, which becomes electronically isolated from the rest of layers below and acts like a freestanding monolayer. The bottom layers are not affected by ionic gating. Back gating induces smaller amount of carriers compared to ionic gating.
The induced carriers decrease from the bottom to top also due to the screening effect, thus the carriers induced by back gate preferentially couple to the bottom layers. [30, 31] According to the transfer curve in Figure 1b , negative or small positive V BG are not able to induce carriers in the bottom layers, hence the bottom layers simply act as an additional dielectric layer for the field effect of back gate. Higher positive V BG starts to accumulate carriers in the bottom layers which form another conducting channel. Nevertheless, the carrier density induced by back gate is not high enough for the bottom layers to reach the superconducting phase, therefore the bottom layers are in normal metallic state. In other words, two parallel conducting channels form due to ionic and back gating: the top superconducting channel and the bottom normal channel. The existence of these two parallel conducting channels have been confirmed by the observation of both superconductivity and Shubnikov-de Haas quantum oscillations in the same device, contributed by the top and bottom channels, respectively. [30] When a metallic state is established in the bottom channel at large V BG , our device becomes an analogue of a superconductor sitting on a normal metal. In a conventional superconductor-normal metal (SN) sandwich structure, the T c of a superconducting thin film is reduced due to the proximity effect between the superconductor and normal metal. [32] [33] [34] [35] [36] [37] On one hand, higher V BG adds more electrons to the topmost superconducting layer, therefore T c should increase; on the other hand, the bottom channel becomes more metallic at higher V BG , leading to stronger proximity effect, thus T c should be suppressed. Overall, the measured T c saturates at V BG > 10 V due to the competition between these two effects. Similar behavior is observed in another device (see Figure S5 , Supporting Information). Therefore, the deviation of T c from the phase diagram is attributed to the proximity effect between the top superconducting layer and bottom normal layers. Furthermore, the proximity effect also introduces some unusual behavior in the upper critical field, which will be elaborated below.
Temperature dependence of the perpendicular (B⊥ab) and parallel (B∥ab) upper critical field B c2 is closely associated with the change of T c . In 2D Ginzburg-Landau model, the perpendicular and parallel critical fields are phenomenologically described by [38] − ⊥ curve increases, suggesting higher critical field with increasing T c . [39, 40] However, a crossover is observed for the curves of V BG = 15 and 20 V, as highlighted by the yellow dot in Figure 3a , suggesting a lower B c2 ⊥ with higher T c at V BG = 20 V. This behavior can be qualitatively understood by the WerthamerHelfand-Hohenberg (WHH) theory. [41] The slope of the temper-
, is inversely correlated with the electron mean free path. Longer mean free path corresponds to lower critical field. In our device at relatively large V BG , the bottom layers enter a metallic state and act as an effective screening layer that reduces the charged impurity scatterings in the topmost superconducting layer. As a result, the electron mean free path increases significantly, leading to the reduction of B c2 . Figure 3b shows the temperature dependence of the upper critical field parallel to the ab-plane of MoS 2 and the dashed lines show the corresponding fitting by the 2D Ginzburg-Landau model. The parallel critical field can easily exceed the Pauli limit B p ≈ 1.86 T c (0), which is indicated by the shaded area in Figure 3b . With the extracted parallel critical field at zero temperature, we could estimate the effective thickness of the superconductivity by Tinkham model d T as shown in the inset of Figure 3b . The extracted d T is much smaller than ξ GL , indicating the 2D nature of superconductivity. It should be noted that d T tends to overestimate the thickness of superconducting layer since the estimated d T is even larger than the thickness of the MoS 2 flake. This is because the Tinkham model does not consider spin-orbit interaction or Pauli paramagnetism, both of which are essential in our devices. Therefore, d T estimated here is an upper limit of the thickness of superconducting layer, consistent with previous reports. [42, 43] Nevertheless, the relative change of d T at different V BG provides valuable information about the behavior of superconductivity. d T first increases with the increase of V BG , suggesting a more robust superconducting state; whereas the reduction of d T at V BG > 10 V agrees with the scenario that the proximity effect between the metallic bottom layers and the superconducting top layer weakens the superconductivity. It should be noted that in this study we only focus on MoS 2 flakes with thicknesses of 4-5 monolayers. Previous discussions have shown that the carrier density induced by ionic-liquid gating decays exponentially from the top to bottom due to the strong screening effect, hence the gating effect only extends to 2-3 layers from the top surface and most of the total induced carriers concentrates in the topmost layer. [17, [28] [29] [30] In contrast, back gating induces smaller amount of carriers but the gating effect extends to more layers from the bottom surface. Therefore, for very thick flakes, [44, 45] it is possible to form the superconducting-insulating-metallic channels and no interaction between the superconducting top surface and metallic bottom surface is expected. The middle insulating channel serves as an additional dielectric layer for the field effect tuning of the superconductivity on the top surface. Negative back gate can still tune the superconductivity by depleting the carriers on the top surface, while the tuning capability of positive back gate is largely reduced since it accumulates carriers mainly on the bottom surface. For few-layer flakes (4-5 layers) discussed in this study, they have independent superconducting top surface and metallic bottom surface. Meanwhile, we can also observe the interaction between them. For even thinner flakes (≤3 layers) it becomes more complicated because of the interlayer coupling, screening and charge impurity scattering from substrate, etc. For example, monolayer WS 2 exhibits a complete set of competitive electronic phases range from a band insulator, a superconductor, to an unexpected re-entrant insulator. [46] A systematic study of MoS 2 flakes with different layer numbers is required to understand the thickness effect on the electrical properties.
Finally, we compare our transistor with other materials/ devices reported to exhibit quantum phase transition (QPT) by field effect tuning, as shown in Figure 4 . From application perspective, it is highly demanded to realize superconducting transistors that can operate continuously at high temperatures and with low gate voltages, corresponding to the top left corner of the diagram. The high T c cuprate, YBa 2 Cu 3 O 7-x film [21] is the closest to this goal but the QPT is realized by ionic-liquid gating, which does not function below the superconducting transition. This disadvantage also exists in LaSrCuO 4 film [20] and ZrNCl thin flake [47] with relatively high transition temperatures but realized by ionic gating as well. Amorphous bismuth [22] and LaAlO 3 /SrTiO 3 [6] [7] [8] can achieve continuous QPT but they either work at very low temperature or require gate voltage as high as hundreds of volts. Proximity induced superconductivity in metal decorated graphene [48] can be tuned at low temperatures with moderate gate voltages by controlling the channel transmittance for cooper pairs without turning the channel material into a superconductor, therefore it is not able to withstand large supercurrent. Compared with previous materials, our MoS 2 superconducting transistor can work in the helium-4 temperature range with continuous control of the superconducting phase transition and only requires gate voltage as low as ≈10 V. The combination of ionic-liquid gating and HfO 2 back gating presented in this work demonstrates an excellent candidate for balancing basic research and possible applications.
Experimental Section
Device Fabrication: Thin MoS 2 flakes were prepared by micromechanically exfoliating bulk single crystals of 2H polytype (SPI supplies), and then transferred to a silicon wafer with 50 nm HfO 2 , which was deposited by ALD. Optical microscopy and atomic force microscopy (AFM) were used to select thin and uniform flakes for device fabrication. Electrodes composed of Ti/Au (5 nm/65 nm) were deposited in a high vacuum electron beam evaporator, after patterning by standard e-beam lithography. After electrode deposition, the whole sample flake and gate electrode were immersed in a small droplet of ionic liquid: DEME-TFSI.
Electrical Measurement: For transport measurement, liquid top and solid back gate voltages were set by a Keithley 2450 DC source meter. Transport properties at low temperatures were measured in a helium-4 based cryogen free system (Cryogenic UK). Sample resistance was taken by measuring voltage drops across the sample with a constant AC current, using standard lock-in amplifiers (Stanford Research SR830). I-V curves were measured with Keithley 2450 DC meter.
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